Recent thymic emigrants (RTEs) are antigenically naive T cells that have recently completed intrathymic maturation and have emigrated from the thymus to the periphery. RTEs are clinically and immunologically important as they are essential for maintaining peripheral T cells in sufficient numbers in order to recognize, by their abT-cell receptors (TCRs), a diverse array of foreign peptide antigens. However, RTE frequency and function has been poorly understood because of a lack of surface markers to distinguish them from older non-RTE naive T cells. This review summarizes the biology of the intrathymic generation and function of RTEs, including the recent identification of protein tyrosine kinase 7 (PTK7) as a novel marker for human RTEs of the CD4 (helper) T-cell lineage. PTK7 þ RTEs in adults have a reduced capacity for activationinduced proliferation and cytokine production (interleukin-2 and interferon-g) than older PTK7À naive CD4 T cells. Importantly, this immaturity in CD4 RTE effector function may contribute to the reduced adaptive immune responses observed in situations in which CD4 RTEs predominate, including the fetus, neonate and young infant, and following immune reconstitution, such as post-hematopoietic stem cell transplant. The ability to identify viable CD4 þ RTEs based on PTK7 surface staining may be particularly useful in the infant for better defining the impact of nutritional and environmental factors on thymic output, peripheral T-cell function and adaptive immune responses to vaccination and infection.
Importance of antigenically naive CD4 T cells in immunity Naive CD4 T cells have a critical role in adaptive immunity by recognizing new foreign antigens of pathogens and vaccines. This recognition results in CD4 T-cell activation and clonal expansion, which results in effector and memory T-cell populations with specialized biology largely due to their selective production of cytokines.
1,2 These effector/memory populations include the following: T helper (Th)1 cells producing (interferon) IFN-g, potent activators of the microbicidal activity of mononuclear phagocytes; Th2 cells producing (interleukin) IL-4, IL-5 and IL-13, which promote eosinophil, basophil and mast cell activation; Th17 cells producing IL-17A and IL-17F, which enhance neutrophilmediated killing of extracellular pathogens such as bacteria and fungi; Th22 cells producing IL-22, which promotes skin inflammation; 3 T-follicular helper cells producing IL-21, which helps B cells to produce antibodies; and non-polarized 'Th0' subsets lacking the production of most cytokines other than IL-2 and which may be particularly important in helping to maintain CD8 T-cell responses against viruses. 4 Antigen-specific CD4 T cells with regulatory, that is, suppressive, rather than effector activity can also be generated intrathymically, as well as peripherally, with the CD25 high Foxp3 þ subset being the best characterized. 5 The antigenically naive repertoire of alpha/beta T-cell receptors of human T cells CD4 T cells recognize antigenic peptides presented by major histocompatibility complex (MHC) class II molecules (human leukocyte antigen-DR, -DP and -DQ in humans). 6 Peptide/MHC antigen recognition by CD4 T cells occurs by the binding of the peptide/MHC class II complex on the antigen-presenting cell to variable amino-terminal regions of the ab-T-cell receptor (TCR), a heterodimeric surface molecule consisting of a TCR-a and a TCR-b chain that is invariably associated with the surface CD3-d, -e, -g complex and the cytoplasmic TCR-z proteins ( Figure 1) . Engagement of the ab-TCR by antigenic peptide/MHC complexes with sufficient affinity results in the associated CD3 and TCR-z proteins transmitting an intracellular signal through their cytoplasmic domains that results in activation of the T cell and its differentiation and expansion into effector cells that carry out the immune response. Co-stimulatory signals via the CD28 T-cell surface protein after its engagement by CD80 or CD86 on the antigen-presenting cell provide a second important source of signals required for full T-cell activation.
The maintenance of a highly diverse ab-TCR repertoire is essential for the antigenically naive CD4 T cells to recognize neoantigens, that is, peptides derived from foreign proteins that have not been previously encountered by the body. In human adults, the peripheral ab-TCR repertoire of naive CD4 T cells consists of about 3-4 Â 10 6 different TCR-b chains, each with a molecularly distinct antigen combining site. 7 Each of these TCR-b chains, on average, pairs with about 25 different TCR-a chains. 8 The intrathymic generation of naive CD4 T cells with rearranged TCRs and T-cell receptor excision circles A highly diverse repertoire of ab-TCRs is generated during the intrathymic development of T cells by a process of V(D)J recombination. In V(D)J recombination, individual Vb, Db and Jb segments, scattered in the TCR-b gene locus, and Va and Ja segments, scattered in the TCR-a/d locus, are joined to form contiguous TCR-b and TCR-a genes, respectively. 6 The generation of these full-length TCR genes with diverse sequences for binding antigen involves the recombination activating gene proteins, terminal deoxynucleotide transferase and non-homologous end-joining DNA repair enzymes.
The thymus does not contain self-renewing stem cells and requires the entry of prothymocytes from the blood for ongoing thymocyte differentiation (Figure 2) . 9 This is shortly followed by rearrangement of the TCR-b gene locus by the process of V(D)J recombination. If the TCR-b rearrangement allows expression of a full-length protein, the TCR-b chain is expressed on the thymocyte surface in association with a surrogate TCR-a chain, pre-Ta. 10 This directs the thymocyte to proliferate extensively and to acquire CD4 and then CD8 surface expression. At this CD4 þ CD8 þ TCR-b þ stage, most TCR-a/d gene loci first undergo a rearrangement between a dRec segment and a downstream cJa segment that are located between the clusters of Va and Ja segments. The intervening DNA of this rearrangement is excised as a circular DNA product called a signal joint T-cell receptor excision circle (sjTREC) (Figure 3 ), which contains essential segments required for rearrangement of the TCR-d chain. Thus, sjTREC formation commits the TCR-a/d gene locus to the TCR-a gene rearrangement and precludes the thymocyte from expressing an alternative form of TCR that consists of a TCR-g and TCR-d chain rather than a TCR-b and TCR-a chain. If a second V(D)J recombination event occurs in which a Va is joined to a Ja to form a full-length TCR-a chain gene segment that encodes protein, the ab-TCR is expressed as a heterodimer on the thymocyte cell surface in association with proteins of the CD3 complex and TCR-z. The associated CD3 complex/TCR-z proteins serve to transduce signals into the T-lineage cells after the ab-TCR engages peptide/MHC complexes. If the ab-TCR has sufficient but not too high an affinity for self-MHC in the thymic cortex, the CD4 þ CD8 þ thymocyte receives survival signals and is 'positively selected', that is, the CD4 þ CD8 þ thymocyte is directed to become either a mature CD4 þ CD8À thymocyte, capable of recognizing peptides presented by MHC class II molecules, or a CD4ÀCD8 þ thymocyte, capable of recognizing peptides presented by MHC class I molecules ( Figure 2 ). These mature CD4 þ CD8ÀCD3 high and CD4ÀCD8 þ CD3 high single-positive thymocytes are located in the medulla and emigrate to the periphery to join naive CD4 and CD8 T-cell compartments, respectively, as recent thymic emigrants (RTEs). 6 The importance of the thymic production of CD4 RTEs is clearest when thymectomy, for example, as part of open heart cardiac surgery, occurs in infants, as this results in long-term decreases in the size of the naive CD4 T-cell compartment.
11
RTEs and their functional properties compared with more mature naive T cells The maintenance of the naive CD4 T-cell compartment at a steady state requires that losses of naive CD4 T cells by apoptosis or their conversion to effector/memory cell populations be balanced by the production of new CD4 T cells by the thymus. Thus, the measurement of RTE production is potentially of considerable clinical interest as it is an important indicator of functional T-cell immunity. For RTEs, the term 'recent' is a relative one, and has been defined on the basis of the assay used for RTE detection. For example, in the rat, RTEs identified as Thy1 þ CD45RCÀ RT6À become non-RTE naive T cells (Thy1-CD45RC þ RT6 þ ) after only about 1 week in the periphery. 12 In contrast, some have considered circulating human neonatal CD4 T cells to constitute a uniformly RTE population. 13 However, peripheral naive CD4 T cells accumulate in the fetal circulation for approximately 6 months before birth at term; therefore, these peripheral CD4 T cells would have a considerable period of time to undergo post-thymic maturation before birth. 6 Murine studies identifying RTEs after the intrathymic injection of fluorescent molecules 14 or as green fluorescent protein þ peripheral T cells in mice in which recent V(D)J recombination is detected on the basis of recombination activating gene promoter green fluorescent protein activity 15 indicate that RTEs are functionally immature, for example, for activation-induced proliferation and IL-2 production by CD4 RTEs, compared with more mature naive T cells. 15 However, as described below, until recently it has not been possible to analyze the function and phenotype of CD4 RTEs in humans at the single-cell level because of lack of surface markers that can be used in flow cytometric analysis to distinguish RTEs from more mature naive CD4 T cells.
Measurement of sjTRECs in peripheral CD4 T cells to estimate thymic output of RTEs
Human thymic production of new peripheral T cells has been inferred by using quantitative real-time PCR assays for sjTRECs, Prothymocytes from the bone marrow, which express CD7, enter the thymus via vessels at the junction between the thymic cortex and medulla. They differentiate into progressively more mature thymocytes, as defined by their pattern of expression of CD4, CD8 and ab-TCR/CD3 complex surface proteins. The TCR-b and the TCR-a genes are sequentially rearranged in the subcapsular and outer cortex, respectively. Positive selection occurs mainly in the central thymic cortex by interaction with thymic epithelial cells, and negative selection occurs mainly in the medulla by interaction with thymic dendritic cells. Following these selection processes, medullary thymocytes emigrate into the circulation and colonize the peripheral lymphoid organs as CD4 and CD8 T cells with high levels of the ab-TCR/CD3 complex. These recent thymic emigrants (RTEs) are enriched in signal joint T-cell receptor excision circles (sjTRECs) as well, which are a circular product of a gene rearrangement of the TCR-a/d gene locus. Protein tyrosine kinase 7 (PTK7) expression is probably present on prothymocytes that enter the thymus from the blood. PTK7 expression progressively declines with intrathymic maturation and is lost on mature single-positive CD8 T-lineage thymocytes before their emigration to the periphery in the adult.
which, as noted above, are generated as part of the V(D)J recombination events involving the TCR-a/d genetic loci ( Figure 3 ). An advantage of this approach is that the sjTREC sequence is constant and can be detected using a single set of oligonucleotide primers. 16 The maximal theoretical level of sjTREC content per cell is two, that is, if both alleles of the TCR-a/d gene locus undergo this rearrangement before the joining of a Va to a Ja. TRECs appear to be stable throughout the life of a T-lineage lymphocyte, although they are diluted by cell proliferation as they lack a DNA origin of replication. 17 The highest levels of sjTRECs that have been measured are 1.5 copies per cell in CD4 þ CD8 þ (double positive) human fetal thymocytes with intermediate levels of ab-TCR/CD3 complexes. 18, 19 As fetal thymocytes progress to the ab-TCR/CD3 high stage, the sjTREC content declines to about 0.7 copies per cell, 18, 19 suggesting that positively-selected thymocytes usually undergo one cell division, followed by post-mitotic maturation.
Post-thymic homeostasis of human naive CD4 T cells
The concentration of naive CD4 T cells in the blood is relatively high at birth and then declines throughout childhood, stabilizing at adult levels by late adolescence. 20 These adult levels are relatively stable until they begin to gradually decline after 50 years of age. 21 The relative stability of the naive CD4 T-cell compartment is maintained by the thymic production of CD4 RTEs 22 and by peripheral naive CD4 T-cell homeostatic proliferation. 23 In homeostatic proliferation, naive CD4 T cells undergo antigenindependent cell division in response to cytokines, such as IL-7. In contrast to activation-induced proliferation by the binding of specific peptide/MHC antigen and CD80/CD86 to the ab-TCR and CD28 molecules, respectively (Figure 1 ), in which the T cell differentiates into a CD45RA low CD45RO high effector cell, naive CD4 T cells that undergo IL-7-induced homeostatic proliferation retain their naive CD45RA high CD45RO low surface phenotype. 24 In a healthy lymphocyte-replete adult, the spontaneous proliferation of naive CD4 T cells, as assessed by flow cytometric staining for the Ki67 antigen, a ubiquitously expressed human nuclear protein strictly associated with cell proliferation, 25 is minimal (typically <0.5%). In contrast, memory/effector CD4 T cells appear to proliferate substantially more, which is supported by the results of Ki67 staining and by the greater fraction of memory/effector CD4 T cells compared with naive CD4 T cells that incorporate in vivo label with stable isotopes. 26 Homeostatic proliferation increases dramatically with peripheral lymphopenia and/or reduced thymic output 27 and is associated with increased levels of IL-7 because of its reduced consumption by peripheral lymphocytes. The remaining lymphocytes are exposed to increased levels of IL-7, which appears to directly drive naive CD4 T-cell proliferation. 28 This model is supported by the ability of exogenous IL-7 to expand the human naive CD4 T-cell compartment in vivo. 24 Interestingly, an increased fraction of naive CD4 T cells in the neonatal circulation are proliferating, 29, 30 and this appears to be due to an increased sensitivity of neonatal naive CD4 T cells to IL-7, 31,32 a cytokine that is produced mainly by non-hematopoietic cells of the thymus, such as thymic epithelial cells, and the peripheral lymphoid organs. This increased sensitivity to IL-7 is also observed in human CD4 þ CD8À thymocytes, 33 suggesting that neonatal CD4 T cells retain a thymocyte-like response to this The dRec-cJd rearrangement also generates a sjTREC, which is commonly used for monitoring peripheral T-cell populations for their recent thymic origin using real-time quantitative PCR. dRec-cJa rearrangement is followed by TCR-a (Va-Ja) rearrangements, which, if productive, associate with previously rearranged TCR-b chain proteins, resulting in expression of a ab-TCR heterodimer on the CD4 þ CD8 þ thymocyte cell surface (modified from Figure 3 of Hazenberg et al. 65 ).
cytokine. Thus, there appears to be major age-related differences in the tendency for naive CD4 T cells to undergo IL-7-dependent homeostatic proliferation.
Assessment of human thymic function using sjTREC assays Assays of circulating peripheral T cells for sjTREC content have been extensively used to infer thymic output of RTEs. 34 Although the sjTREC content per circulating naive CD4 T cell declines with aging, it remains clearly detectable, and this is associated with evidence of thymopoiesis of naive T cells with a diverse ab-TCR repertoire through middle age. 35 The interpretation of the results of these assays is complicated by the sjTREC loss that occurs with naive T-cell homeostatic proliferation, particularly in settings of severe lymphopenia, such as human immunodeficiency virus infection. 34, 36, 37 The very cellular stability of sjTRECs also limits the ability of this assay to detect acute losses in thymic output; for example, after following complete thymectomy, particularly in adults in whom RTE output is relatively low. 27 The reconstitution of the T-cell compartment following hematopoietic stem cell transplantation (HSCT) has also commonly been monitored using sjTREC assays of peripheral blood cells. 38 Here again, sjTRECs might underestimate thymic activity and the posttransplant appearance of CD4 RTEs levels because of homeostatic proliferation of naive CD4 T cells due to severe lymphopenia. A better definition of the role of CD4 RTEs in human immunodeficiency virus immunopathogenesis and treatment and in post-HSCT reconstitution would be of considerable interest as there are now potential agents for augmenting human thymic output, such as human growth hormone, 39 keratinocyte growth factor 40 and IL-7. 24 sjTREC assays have also been used to evaluate the impact of thymectomy, for example, as part of open heart cardiac surgery in infants or for the treatment of myasthenia gravis. In both cases, reductions in CD4 and CD8 sjTRECs have been observed after thymectomy. 41, 42 However, it remains unclear to what extent complete or partial thymectomy influences homeostatic proliferation by naive CD4 T cells and the diversity of their ab-TCR repertoire. An important limitation of sjTREC assays is that they are a 'bulk' cell population-based assay rather than a single cell assay, and do not allow the simultaneous determination of the function of the cell and its relationship with sjTREC content.
Identification of PTK7 as a CD4 RTE marker
To identify cell surface markers on human CD4 RTEs, we compared the gene expression profiles of postnatal mature CD4 þ CD8À thymocytes, circulating neonatal naive CD4 T cells and circulating adult naive CD4 T cells (Figure 4) . We reasoned that neonatal naive CD4 T cells should be highly enriched in RTEs compared with adult naive CD4 T cells. This notion is supported by previous observations that neonatal naive CD4 T cells contain higher levels of sjTRECs than adult naive CD4 T cells 32 and that the absolute amount of the thymus organ consisting of functional lymphoid tissue is markedly greater in the neonate than in the adult. 43, 44 We hypothesized that a subset of genes expressed by mature CD4 þ CD8À thymocytes would continue to be expressed by peripheral CD4 RTEs, but not by adult naive CD4 T cells, as CD4 RTEs have recently completed thymocyte differentiation. 22 To test this hypothesis, we used a cDNA microarray of approximately 2500 targets (produced in Patrick O. Brown's laboratory, Department of Biochemistry, Stanford University) in which the transcript abundance of these three T-cell populations was compared. In two independent microarray experiments we found that transcripts for protein tyrosine kinase 7 (PTK7), a member of the receptor tyrosine kinase family, 45 were expressed at a higher level by mature CD4 þ CD8À thymocytes and neonatal CD4 T cells compared with adult naive CD4 T cells (our unpublished results). To confirm these results, we used real-time PCR to show that PTK7 mRNA was expressed at higher levels by CD4 þ CD8À thymocytes from infants and neonatal CD4 T cells compared with adult naive CD4 T cells and was not detected in adult memory CD4 T cells. 46 
PTK7 surface expression progressively decreases with thymocyte maturation
To confirm the RNA expression findings at the protein level, we first established that a rabbit anti-mouse PTK7 antibody 47 specifically stained human PTK7 on the cell surface using flow cytometry. 46 We next tested whether human thymocytes also express endogenous surface PTK7. The highest expression levels were observed on the least mature, triple-negative (CD4ÀCD8ÀCD3À) thymocyte subset, and PTK7 expression progressively decreased as thymocytes subsequently transited through the double-positive (CD4 þ CD8 þ ) and the most mature single-positive (CD4 þ CD8ÀCD3 high or CD4ÀCD8 þ CD3 high ) stages of development (Figure 2 ).
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PTK7 is expressed on a subset of antigenically naive peripheral CD4 T cells that decrease in frequency with age If PTK7 represents a marker for human CD4 RTEs, then a fraction of peripheral CD4 T cells should continue to express it following their export from the thymus. In support of this possibility, we observed a distinct PTK7 þ subset of approximately 10% of antigenically naive CD4 T cells from adult peripheral blood, 46 as defined by their CD45RA high CD45RO low pattern of expression of CD45 isoforms. 48 As predicted by earlier results of PTK7 mRNA expression, the neonatal naive CD4 T-cell population consistently contained a higher percentage of PTK7 þ cells than the analogous adult population 46 and a higher amount of protein per cell (our unpublished results). The frequency of PTK7 þ naive CD4 T cells in young children was intermediate between that of the neonate and the adult ( Figure 5) , and an extensive analysis of donors of various ages demonstrated that the frequency of circulating naive PTK7 þ CD4 T cells progressively decreased with age. 46 These findings are consistent with the possibility that PTK7 þ naive CD4 T cells are enriched in RTEs, because human RTE production has been proposed to decrease in parallel with overall thymic involution, which progressively occurs following a peak of thymic lymphoid tissue at about 6 months to 1 year of age. 49 In contrast to the results for thymocytes and naive CD4 T cells, neither PTK7 transcripts nor surface PTK7 was detectable in adult memory CD45RA low (CD45RO high ) CD4 T cells, 46 indicating that PTK7 surface protein is lost before the conversion of naive CD4 T cells into memory cells. Using flow cytometric analysis we also found that PTK7 þ CD45RA high CD4 T cells otherwise had a typical naive surface phenotype, with surface levels of ab-TCR, CD3, CD5, CD28, CD31, CD38 and CD62-L (L-selectin) similar to that of PTK7À CD45RA high CD4 T cells.
PTK7 þ CD4 RTEs are a subset of CD31 þ naive CD4 T cells that have high sjTREC content and whose frequency declines rapidly after thymectomy We predicted that if adult PTK7 þ CD4 T cells are bona fide RTEs they should have a higher sjTREC content compared with PTK7À naive CD4 T cells, a portion of which have undergone homeostatic proliferation as identified by their loss of CD31 expression. 50 Using a real-time PCR assay for sjTRECs we verified that this was indeed the case. 46 Importantly, the sjTREC content of PTK7 þ RTEs was also substantially and consistently higher (typically 3-to 5-fold) than that of the predominant CD31 þ PTK7À naive cell subset that appears to contain naive CD4 T cells that have not undergone homeostatic proliferation. 50 This suggests that PTK7 þ CD4 RTEs have undergone fewer cell divisions in the periphery than more mature PTK7À CD31 þ naive CD4 T cells. Assuming that the PTK7 þ CD4 RTEs are an obligatory precursor of PTK7À CD31 þ naive CD4 T cells, this indicates that normal post-thymic naive CD4 T-cell maturation includes about two rounds of mitosis that, in contrast with CD31À cells generated by homeostatic proliferation, maintains CD31 expression. We also analyzed CD4 T cells from several adults and found that PTK7 þ CD4 RTEs and PTK7À naive CD4 T cells had a similar highly diverse repertoire of ab-TCRs, 46 which is consistent with a precursor-product relationship between PTK7 þ and PTK7À naive CD4 T cells.
The frequency of PTK7 þ RTEs in the circulation of children declines rapidly after complete thymectomy for autoimmune disease To confirm that circulating PTK7 þ CD45RA high CD4 T cells are recent and direct products of thymic output, we demonstrated that this cell population completely disappeared relatively rapidly, that is, in 3 months, in two children undergoing complete thymectomy for the treatment of myasthenia gravis. 46 In contrast, the analysis of age-matched healthy controls showed that the PTK7 þ CD45RA high CD4 T cells remained stable over a 12-week period, indicating that the alterations observed after thymectomy were not due to random biological variation. Together, these findings are consistent with: (1) the direct and recent production of PTK7 þ CD45RA high CD4 T cells by the thymus, which are hereafter referred to as PTK7 þ CD4 RTEs; (2) an inability of extrathymic sources to replenish this cell population; and (3) a relatively short half-life of PTK7 þ CD4 RTEs either due to their conversion to PTK7À naive CD4 T cells and/or due to their loss by cell death.
PTK7 þ CD4 RTEs have reduced capacity for activationinduced proliferation but greater responsiveness to IL-7 compared with PTK7À naive CD4 T cells Previous studies have shown that murine CD4 þ RTEs do not fully respond to ab-TCR/CD3 stimulation. 15, 51 To determine whether human PTK7 CD4 RTEs also exhibit reduced function, purified PTK7 þ CD4 RTEs and PTK7À naive CD4 T cells were polyclonally activated using a combination of CD3 and CD28 monoclonal antibodies. Activated PTK7 þ CD4 RTEs had substantially less incorporation of 3 H-thymidine, reduced mitosis based on their retention of staining intensity in a CFSE fluorescent dye assay and decreased blastogenesis, compared with their PTK7À naive CD4 þ T-cell counterparts. 46 We did not find any significant Figure 4 Screening strategy for CD4 RTE markers. Gene expression profiling by microarray was used to compare the levels of mRNAs in CD4+CD8À thymocytes, neonatal naive CD4 T cells, and adult naive CD4 T cells. Genes encoding proteins were sought that are highly expressed on thymocytes and that gradually decrease in expression with T-cell maturation, leaving residual expression only on recent thymic emigrants (RTEs) but none on fully mature naive CD4 T cells. Hence, this would allow for the phenotypic distinction between CD4 RTEs and fully mature naive CD4 T cells in the peripheral circulation. For this analysis, we made the assumption that neonatal CD4 T cells are highly enriched in CD4 RTEs compared with adult naive CD4 T cells, which is strongly suggested by the relative size and cellularity of the thymus in the neonate and young infant. 49 differences in apoptosis between the activated PTK7 CD4 RTEs and PTK7À naive CD4 T cells that could account for the reduced proliferative response of PTK7 CD4 RTEs (our unpublished results). Because we hypothesize that PTK7 CD4 þ RTEs are the immediate peripheral descendants of CD4 þ CD8ÀCD3 high thymocytes, we investigated whether they possessed any residual biological characteristics of thymocytes. Previous work has shown that IL-7, a cytokine that has a critical role in multiple aspects of thymocyte development 28 as well as in peripheral T-cell homeostasis, 52 induces greater proliferation of mature single-positive thymocytes than peripheral T cells. 33 We found that IL-7 treatment induced higher levels of proliferation of PTK7 CD4 RTEs compared with PTK7À naive CD4 T cells. 46 These results are consistent with PTK7 CD4 RTEs having, at least in part, a mature CD4 þ CD8À thymocyte-like 33, 53 and a neonatal T-cell-like 32 functional phenotype of increased IL-7 responsiveness. The mechanism for this increased IL-7 responsiveness by PTK7 þ CD4 þ RTEs remains unclear and is not accounted for by higher expression levels of the high-affinity IL-7 receptor, that is, the IL-7 receptor a-chain (CD127) or the common g-chain receptor (CD132), which is also a component of the IL-7 receptor (our unpublished results).
PTK7 þ CD4 RTEs have a selective impairment in cytokine secretion but not in general T-cell activation To determine whether decreased proliferation by PTK7 þ CD4 RTEs reflected a generalized limitation in T-cell activation, we compared this cell type and PTK7À naive CD4 þ T cells for surface expression of activation-dependent proteins and for the production of cytokines. Polyclonally activated PTK7 þ CD4 RTEs expressed similar surface levels of CD25 (IL-2 receptor-a chain that confers high affinity), CD69 and CD154 (CD40 ligand), and had similar frequencies of TNF-a-secreting cells as had PTK7À naive CD4 T cells. 46 In contrast, fewer activated PTK7 þ CD4 þ RTEs produced IL-2 or IFN-g compared with PTK7À naive CD4 T cells. 46 As PTK7 þ CD4 RTEs likely comprise a large fraction of the naive CD4 þ T-cell compartment through infancy ( Figure 5 ), 46 these findings for the production of IFN-g, the signature cytokine of Th1 responses, are of particular interest, as they suggest a mechanism for the observed vulnerability of the neonate and young infant to infections requiring T H 1 immunity, especially Mycobacteria.
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Future directions for the clinical application of RTE assays using PTK7 Can PTK7 be used as a marker for immune reconstitution of T cells in infants and children following hematopoietic stem cell transplants?
We performed PTK7 staining of CD4 T cells in cryopreserved peripheral blood mononuclear cells from adult patients at 12-14 months following allogeneic (matched unrelated donor) HSCT using bone marrow, and found that a higher proportion of naive CD4 T cells had PTK7 staining than is typical for healthy adults (unpublished results). This is consistent with immune reconstitution of naive CD4 T cells requiring CD4 RTEs, and these CD4 RTEs displaying a PTK7 þ surface phenotype. These results support the feasibility of analyzing PTK7 þ versus PTK7À naive CD4 T cells as indicators of the level of ultimate immune reconstitution in adults after HSCT. In future studies it will be of interest to compare the post-HSCT kinetics of the appearance of PTK7 þ CD4 RTEs in infants and children with that of adults. Does PTK7 expression by peripheral T cells provide insight into infant thymic function and its regulation by postnatal nutrition and prenatal growth? Given the occasion of this article and Phil Sunshine's many important contributions to the field of nutrition of the neonate and young infant, including the immune benefits of breast milk, 56 it is appropriate to point out that there is growing evidence of an important connection between postnatal infant nutrition and overall fetal growth in influencing thymus size, RTE production and T-cell-dependent adaptive immune responses (reviewed in Moore et al.
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). Although it has been known for decades that severe malnutrition can lead to severe thymic atrophy and potential opportunistic infection, for example, Pneumocystis pneumonia, 58 the long-term impact of apparently modest degrees of postnatal malnutrition has been recognized only more recently. For example, in rural Gambia, infants born during the harvest season, when food is relatively abundant, have significantly larger thymi as assessed by ultrasonography and levels of sjTRECs in the peripheral blood than those born in the hungry season, when food is less abundant. 57, 59 The improved thymic function is associated with a higher level of IL-7 in the breast milk of mothers during the harvest season, 60 raising the possibility that breast milk-derived IL-7 could have a role in promoting infant thymopoiesis. This observation is consistent with the well-documented association of breast feeding with larger-sized thymi compared with formula feeding during infancy. 61 The ability of PTK7 staining to determine the frequency and function of RTEs in healthy adults suggests that a similar approach with infants may be useful for understanding the contribution of RTEs to adaptive immune responses. As discussed above, the results of complete thymectomy in two children suggest that PTK7 is a bona fide marker for CD4 RTEs before adulthood. 46 However, PTK7 expression does not appear to identify a distinct RTE CD4 T-cell subset in the newborn on the basis of our result showing that umbilical cord blood CD4 T cells uniformly expressed high levels of PTK7 in a unimodal manner ( Figure 5 ). Moreover, we also found that relatively high versus low levels of PTK7 expression by neonatal CD4 T cells does not significantly correlate with sjTREC expression (our unpublished results). If it is assumed that a substantial fraction of circulating neonatal CD4 T cells have been produced by the thymus in the second trimester, then this would suggest that PTK7 expression may persist on peripheral T cells of the fetus and during the neonatal period compared with later infancy and childhood. Thus, additional studies will be required to determine the postnatal age by which PTK7 staining can be used to assess thymic output, as assessed by enrichment for sjTREC content, including after premature and/or small-forgestational age birth.
Role of PTK7 in T-lineage cell development and peripheral T-cell function Although PTK7 appears to be a useful marker for CD4 RTEs in humans, it remains unclear whether this protein has a role during normal intrathymic development and/or post-thymic T-cell function. Studies of PTK7À/À mouse embryos in which the PTK7 gene has been inactivated by gene targeting have implicated PTK7 in the maintenance of epithelial planar cell polarity: that is, the ability of a cell within the plane of the epithelium to become asymmetric with respect to other epithelial cells. This perturbation of planar cell polarity may account for the observed failure of neural tube closure and the development of inner ear hair cell polarity in these embryos. 47 Interestingly, PTK7 appears to be a catalytically inactive 'dead' kinase, with natural mutations in regions of the cytoplasmic tail that are normally required for kinase function, such as the ATP-binding cassette. 45, 62, 63 Whether PTK7 binds any ligands or modifies the phosphorylation of intracellular substrates in T-lineage cells is unknown, but recent studies using human acute myeloid leukemia cells are consistent with both a ligand-binding and intracellular signaling function for PTK7. 64 Although PTK7 is expressed at high levels in the murine and human thymus, 46 we have not observed an immune phenotype in PTK7À/À fetal thymi, or in PTK7À/À peripheral T cells derived from fetal liver stem cells transplanted into recombination activating gene-deficient mice (our unpublished results). Additional studies will be necessary to determine whether a reduction in PTK7 expression in human T-lineage cells has functional consequences. Summary PTK7, a member of the receptor tyrosine kinase family, is a potentially clinically useful surface marker for circulating RTEs of the CD4 T-cell lineage that has important advantages over less direct markers, such as the measurement of sjTRECs. Although the role of PTK7 in the immune system remains obscure, it is expressed at high levels by thymocytes and neonatal CD4 T cells and identifies a distinct sub-population of circulating naive CD4 T cells in children and in adults. PTK7 should be useful for evaluating the function and phenotype of CD4 RTEs during postnatal development, including in assessing the impact of nutritional and toxicological stresses, immune reconstitution and after partial or complete thymectomy. As adult PTK7 þ CD4 RTEs exhibit immaturities in CD4 T-cell effector function, such as Th1 responses, the predominance of RTEs in the neonate and in children and adults undergoing immune reconstitution after HSCT may account, at least in part, for impaired CD4 T-cell responses to infection and vaccination in these populations.
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